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ABSTRACT

Grid-connected energy communities on weak or capacity-limited feeders increasingly consider hybrid photovoltaic (PV)-battery—
hydrogen systems yet planning studies often size assets against annual balances while leaving the grid connection as an effectively
unconstrained buffer. Here, we develop a boundary-centred planning architecture that couples long-horizon investment decisions to
schedule-feasible operation. A genetic algorithm (GA) selects component capacities, inverter rating, and contracted import/export
power, while a rolling-horizon (MILP) formulation implements model predictive control (MPC) resolves tariff-coupled dispatch with
bounded daily load shifting. Using a public-sector community on the island of Formentera (Spain), we benchmark reactive load-
following against predictive operation under 0% to 8% flexible demand. Predictive coordination reshapes both, sizing and energy
flows by converting temporal foresight into “capacity value” at the point of common coupling. Relative to load-following, the
optimiser tightens the contracted exchange envelope from +78 to 37 kW and reduces the inverter rating from 120 to 77 kW, while
increasing PV utilisation and reducing grid import reliance to roughly 9%-11% of demand. These gains arise from coordinated storage
operation: the battery provides mostly short-term balancing, while hydrogen supplies a smaller secondary contribution through
surplus absorption and occasional deficit support. Economically, modest flexibility amplifies the effect, reducing net present cost
(NPC) by 9% and lowering levelised electricity cost (LCOE) from 0.243 to 0.218 €/kWh. Together, the results show that hybrid
community value is anchored in enforceable boundary control, and that limited behavioural adaptation can substitute for contracted
capacity in weak-grid planning.

1 | Introduction million people live on islands, making them a focal point for the
European Commission’s Clean Energy for EU Islands initiative
[2]. Electricity generation costs can reach several times mainland

averages [3], reflecting dependence on imported fuels and con-

Islands and other weak-grid communities face structural con-
straints that can be more binding than in strongly interconnected

systems, including limited interconnection capacity, high rein-
forcement costs, and strong intra-annual variability in demand
and resource availability [1]. In Europe alone, more than sixteen

strained infrastructure. These conditions make island and weak-
grid planning not simply a matter of resource potential but one of
coordinating variable generation with constrained grid interfaces,
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where limited import and export capacity at the grid connection
point defines feasible operation [4]. In such contexts, the planning
bottleneck is often the magnitude of net power exchange at the
grid connection point, since high import peaks and export surges
can drive curtailment, increase demand-related charges, and moti-
vate higher contracted capacities or network reinforcement [5, 6].
Hybrid battery—hydrogen systems are increasingly investigated as
a means to combine diurnal and long-duration flexibility [7].
Together, these conditions expose a persistent methodological
challenge, linking long-term capacity investment with operational
feasibility under tariff and grid-exchange constraints, a question
that recent research has approached from multiple methodological
directions.

Recent reviews have examined sizing optimisation of off-grid
hybrid renewable energy systems for remote and island communi-
ties [8], showing that reliable renewable supply depends not only
on resource availability but also on the mismatch between renew-
able output and the load profile as well as the adequacy of energy
storage [8]. However, most of the reviewed studies relied on rule-
based energy management and heuristic sizing approaches
highlighting the limited prevalence of integrated, operation-aware
design tools. A structured systematic review extended this critique,
identifying recurring challenges in island energy modelling includ-
ing land scarcity, climatic exposure, pronounced annual variation
in demand, isolation and remoteness, data scarcity, and socio-
political and funding constraints [9]. They emphasised that
many models still adopt single-year formulations at hourly resolu-
tion and often simplify grid interaction assumptions. Other studies
noted that in hydrogen-based microgrids, the grid is commonly
modelled as an effectively unlimited source or sink, while forecast-
ing and constrained power exchange are seldom incorporated into
energy management systems [10]. Similar conclusions were
reported in systematic reviews of hybrid renewable energy systems
with hydrogen storage, highlighting that component sizing and
energy management are often treated separately and that rule-
based energy management remains prevalent in the literature
[11]. Together, these studies demonstrate that while island systems
are well motivated, modelling practice can remain detached from
the physical and economic constraints that determine feasibility in
operation. Table 1 synthesises the reviewed studies and highlights,
across grid and island contexts, which combinations of sizing,
dispatch, tariff modelling, grid connection point constraints, and
flexibility mechanisms have been implemented.

A growing body of work links long-term sizing with short-term
operation. Zhang et al. [12] compared battery and hydrogen stor-
age using genetic algorithm (GA)-based sizing and rule-based
operation but without look-ahead scheduling. More recent fra-
meworks incorporate predictive dispatch within sizing. Rullo
et al. [14] coupled GA sizing with MILP-based economic model
predictive control (MPC) and reported reductions in both invest-
ment and operating costs. Mohseni and Brent [15] extended the
scheduling horizon from 24 to 72 h, reducing whole-life cost by
up to 8%. Al-Quraan and Al-Mhairat [16] similarly embedded
receding-horizon economic MPC within bi-level sizing, although
the operational assessment was restricted to selected periods.
These studies demonstrate the value of predictive dispatch but
retain trade-offs between temporal coverage, computational bur-
den, and representation of grid-interface constraints.

Weak-grid planning also needs a clearer structural model at the
point of connection, where the inverter rating and contracted
import/export limits jointly bound power exchange. Prior work
shows that tighter contracted capacity can increase self-con-
sumption but raises lifecycle cost [17], yet treats contract level
as exogenous. Others optimise import/export capacities as sizing
variables [18] but retain deterministic dispatch and limited tariff
coupling. Tariff-driven scheduling has been studied under ToU
and demand charges [19] and inverter sizing/DC-AC ratio effects
under ToU [20], but under weak-grid conditions inverter rating is
a physical constraint interacting with contracted limits and pen-
alties. The literature rarely co-optimises inverter and contracted
power within an operationally feasible predictive framework.

A further gap is behavioural flexibility. ToU tariffs affect storage
cycling and grid exchanges [21], but demand is typically fixed.
Continuous price-responsive demand models [22] are poorly
suited to small communities where flexibility comes from discrete,
schedulable devices. More practical bounded-deferral and
demand-response formulations show that modest deferrable load
can reduce required battery capacity and cost [23-26], yet this
flexibility is often only loosely coupled to tariff-driven, grid-con-
strained predictive dispatch. Integrating enforceable modest flexi-
bility with receding-horizon operation under contracted exchange
limits remains open.

Storage coordination of hybrids such as battery and hydrogen is
well motivated but still operationally underdeveloped for grid-con-
strained communities. Detailed MILP planning for power-to-
hydrogen resolves component sizing and hourly grid trades with
realistic electrolyser behaviour [27] but assumes full-year foresight
and often omits explicit exchange limits. Comparative studies show
hybrids exploit complementary time scales—batteries for short
cycles and hydrogen for longer-duration energy shifting, such as
improving self-sufficiency and cost [28], yet operation is frequently
strategy-based, and grid-interface constraints are simplified.

Taken together, unresolved gaps are intertwined: temporal (fore-
sight vs. representativeness), structural (inverter and contracted
exchange limits), behavioural (bounded device flexibility), and
multi-vector coordination. Bridging them requires a framework
that unifies long-horizon sizing with sequential, predictive dis-
patch under explicit point-of-connection constraints and realistic
tariff/contract coupling.

This paper proposes an integrated planning framework for grid-
connected PV-battery-hydrogen communities on constrained or
weak grids. The framework unites long-horizon capacity sizing
with short-horizon predictive dispatch under ToU tariffs, treating
inverter rating and contracted grid power as co-optimised decision
variables and incorporating modest flexible load participation to
reduce peak exchanges and enhance economic performance. As
shown in Figure 1, the system comprises interconnected AC and
DC buses. PV generation, the battery and fuel cell are connected to
the DC bus, while the community demand, grid connection and
electrolyser are represented on the AC side. For clarity, Figure 1
presents the system-level electrical connections: the electrolyser is
treated as an AC-coupled unit with internal rectification, while the
fuel cell is represented by its DC connection to the DC bus, without
detailing the internal power electronics. A shared inverter couples
the two buses and constrains power transfer between the
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Single-layer MILP co-optimises design and full-year hourly scheduling; uses

piecewise-affine component performance curves; includes a ToU -based

demand response programme that shifts load within a daily horizon.

Metaheuristic sizing with integrated direct load control demand response;

time-series compressed from 8760 h to representative points; inverter rating is

a sizing variable; demand response reduces peaks.

MILP co-optimises sizing and full-year hourly operation; includes explicit grid
buy and sell power variables and piecewise-affine electrolyser efficiency; no

explicit grid exchange capacity (contract) limit is imposed.

A metaheuristic searches component sizes and operational strategy
parameters; operation is simulated using rule-based strategies (CS and OLDS)

over 8760 h; uses ToU electricity prices (peak, shoulder, off-peak)
GA-based sizing combined with day-ahead MILP scheduling and an MPC
(12-h horizon); co-optimises contracted grid limits and inverter rating; explicit

AC/DC topology; includes ToU tariffs, peak-shaving mechanisms, and

renewable and storage assets and the point of common coupling.
The electrolyser and fuel cell provide the electrical-to-hydrogen
and hydrogen-to-electrical conversion pathways, respectively.
Accordingly, the framework provides a planning-stage techno-eco-
nomic assessment in which weak-grid conditions are represented
by finite contracted import and export capacity at the point of
common coupling, together with the inverter throughput limit;
this assessment can be complemented by network-quality, envi-
ronmental and stakeholder criteria during detailed project devel-
opment. The following sections describe the optimisation

o}
&
.
g
z
=
w
=
B
=
%)
[a®
.
g
en| &
2| =
sl 2
2 Z| 8
5 2l framework, present a case study for a public-sector energy com-
g i = munity on Formentera Island, and benchmark the proposed strat-
g . . .
" %é g egy against rule-based load-following baselines.
5| 8
3| E
§ 2 | Methodol
- ethodology
i The proposed optimisation framework integrates a hierarchical
§ control architecture that combines long-term capacity sizing
£ with short-horizon dispatch optimisation under operational and
[}
= contractual constraints. As shown in Figure 2, the framework
U couples a GA with a rolling-horizon MILP model to minimise
:b the system’s net present cost (NPC) over a 1-year horizon. The
" :E GA serves as the global loop, exploring candidate system config-
&> > > > > § urations across photovoltaic (PV) capacity, battery storage,
° 2 inverter rating, hydrogen subsystems, and grid exchange limits.
> > > > > § Each configuration is passed to the local loop, where dispatch is
A % resolved using a 24-h receding horizon structure that emulates
<|> > > > > £ MPC. This formulation enables tariff-driven scheduling, bounded
o & load flexibility, and coordinated battery—hydrogen storage opera-
g |~ > > > > > g tion, while enforcing feasibility under inverter and contracted grid
5o b= constraints. The following sections formalise the sizing variables,
- 2]
§ o> > > > > ‘g objective function, and predictive dispatch logic underpinning this
o 2 layered optimisation strategy.
:ﬂf als S > > S 2
] 2
2]
= ZIs S S S S %“ 2.1 | GA-Global Loop for Capacity Sizing
g The global layer of the pr framework employs a GA
EX - 9 9 < 2 e glob .yeot.epoposec.l ewo .e ploys a GA to
2 explore optimal capacity allocations for hybrid renewable sys-
o 4 . . . e 5 . .
o =& tems. Its objective is to minimise the system’s NPC by iteratively
als > > > > é 3 evaluating candidate configurations over the planning horizon.
28 Each candidate solution represents a complete system design
> S > S S oz - . .
=) defined by a vector of decision variables that describe the
o Eﬂ g installed capacities of the main subsystems. These capacities gov-
o E ; £ 5 ern both, investment requirements and the operational feasibility
o
5 % M & 3 % & of dispatch at the lower MILP level. Formally, each GA individ-
g = ) z 5 & S8 ual is expressed as:
g2 = o £ = g &
@ UIJ | ) M 0 S E _ -
g E C|q >| o) %,3“ 2 X = [vavaatv PinvagrvaCsPelvMHz]- (1)
| A~
gl ¢z & = & s
| & m = © o _ _
o A~ R 3 Here where P, is the installed PV capacity (kW), Ny, is the
Ay = < ) . .
U o number of battery modules, and P,,, denotes the inverter ratin,
< — ry mv g
s - - 8 (kW). The term P, represents the contracted grid exchange limit
(5] —_ —
§ E = = = < - = a (kW), while Pg. and P correspond to the nominal power ratings
g é o o & & & S of the fuel cell and electrolyser, respectively. Finally, My, speci-
S 5 © © E:“ S fies the hydrogen storage capacity (kg). This vector encodes both
= B g DC and AC subsystem components, enabling the GA to evolve
- 3 o ,§ -g feasible topologies under investment and operational constraints.
m ] 5] 2 < For each configuration x, the NPC aggregates capital C,,
o ) g B d g ggreg p y
ﬁ E = = = = @ 2 g replacement Ry ,, operating O,, and salvage costs Sy, over the
3 9z o . . .
3 = &, & & E < g system lifetime Y, discounted by the real interest rate i:
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Community
buildings load

Grid
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Renewable
energy systems

Electrolyser

DC electricity ———Jp»

1
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3 (Cu0) + Ry () = Sy (x)) +0,(x)|.

This fitness function captures both investment efficiency and
operational performance, allowing the GA to evolve towards
economically and technically viable configurations. The frame-
work was implemented in Python, using DEAP for the GA and
Gurobi solver for the rolling-horizon MILP evaluations. The con-
figuration used for the final GA-MPC optimisation is reported in
Table 2.

Candidate evaluations were parallelised. Convergence was mon-
itored using the lowest NPC in each generation; the best

H —
AC electricity ——p

FIGURE1 | System layout for the grid-connected PV-battery—hydrogen energy community.

generational value changed by less than 0.02% over the final 10
generations, indicating practical stabilisation before termination.
To evaluate PV production profiles, the framework uses a tem-
perature-adjusted irradiance model that reflects hourly varia-
tions in solar resource and thermal conditions:

G

PPV = l_’pv * Nder * GS—TtC -1+ a(T, - T5T¢)], (3)

where 74, is the PV derating factor accounting for system losses,
G, is the incident irradiance, GST° is the standard irradiance
(1kW/m?), a is the temperature coefficient, and T, and T5TC
denote the cell temperature at time ¢ and under standard test
conditions, respectively. This formulation ensures that intra-
annual and daily variations in PV yield are consistently propa-
gated to the dispatch model and cost evaluation.
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24-h optimisation
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FIGURE2 |
grid constraints.
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maximum
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v

)

Bi-level optimisation framework combining GA-based capacity sizing with MILP-based rolling-horizon dispatch under ToU tariffs and
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TABLE 2 | GA configuration for the final GA-MPC 8% optimisation.

Parameter Setting
Population size 120
Number of generations 70
Mutation probability 0.4
Crossover probability 0.7
Recorded wall-clock time 3h 36 min

To discourage designs that cause persistent energy imbalance, either
through frequent curtailment or unmet demand, a penalty term is
added to the objective function. The penalty activates only when
cumulative annual energy imbalance exceeds a defined tolerance ¢:

¢ex/un» if Z Eex/un(t)>£
D= 1T . (4)

0, otherwise

Here, Ey/yn(t) is the cumulative annual excess or unmet energy,
¢ is the corresponding tolerance (e.g., 100kWhyear™), and
Dex/un is the fixed penalty applied when that tolerance is
exceeded. Since @y, enters the NPC objective directly, its unit
is Euros (€). This formulation enhances the robustness of selected
designs by embedding system reliability directly into the eco-
nomic objective, particularly for weak-grid or islanded operation
where energy balance is critical.

2.2 | MILP- Local Dispatch Loop

Once a candidate system configuration x is selected by the GA, it is
evaluated within the local dispatch layer. This layer uses a MILP
formulation to optimise hourly scheduling of renewable genera-
tion, grid exchanges, storage behaviour, and hydrogen subsystem
operation under ToU tariffs. To ensure temporal realism without
prohibitive computational cost, the MILP is implemented as a
rolling-horizon structure, in which each optimisation window
represents a 24-h predictive horizon with a 12-h overlap between
successive runs. For each window w, the optimisation considers
the following time set:

T o= {to by + 1.ty + 23}, (5)

where t,, is defined as the first hour of window w, computed
recursively as:

ty =t + 12(w - 1). (6)

Here, ¢, represents the simulation start time. Only the first half of
each window’s solution is committed to the final schedule, while
the remaining portion is re-optimised in the next iteration,
thereby emulating a receding-horizon predictive control logic.
The objective of the MILP in each window is to minimise
short-term operating costs, accounting for electricity imports,
exports, curtailment, and unmet load penalties:

min ¥ At - (AP - 27PPSY 4 2P - jp )

(7)

where 7, and 7 are the import and export tariffs (€/kWh) at
time ; P,""and P are the corresponding grid power flows; and
P, Pf¥represent unmet demand and curtailed renewable gen-
eration, penalised by coefficients (€/kWh) 1""and A", respec-
tively. Following common practice, a weighting ratio of ~10:1 is
applied between unmet demand and curtailment to ensure sup-
ply reliability remains the dominant operational objective [14].
Operational feasibility within each rolling-horizon window is
governed by a set of power-balance and exclusivity constraints
that ensure energy conservation and physically valid scheduling
across subsystems. The model distinguishes between the DC and
AC domains, which are coupled through the central inverter. The
DC-side energy balance ensures that, at each hour, all PV output,
storage activity, and fuel cell production are correctly distributed
between local use, conversion to AC power, and curtailed sur-
plus:

PFV’AC + P})V’DC 4 P;:lis 4 PFC _ Pfh

. 8
PV P — 0 Ve T ()

inv

Here, PP¥V*and P!¥""“denote the PV power routed to the AC
and DC buses, respectively; P#%and PtPare the battery dischar-
ging and charging powers; PFCis the fuel-cell output; P™is the
DC-to-AC inverter throughput; and #™is the inverter efficiency.
The curtailed power P{" represents unused renewable generation
at time t. The AC-side balance ensures that the sum of AC gen-
eration, grid exchanges, and hydrogen conversion processes
meets the total demand, accounting for both fixed and flexible
load components:

P4 B P (P pEI) PR P =0 Vi€ T
©)

In this equation, PtL"ﬂXand Pf’ﬂexare the fixed and shiftable loads,
PEL is the AC power demand of the electrolyser, and Pi"is the
unmet load. Together, (8) and (9) enforce instantaneous nodal
power balance across the grid-connected hybrid energy system,
linking the DC-side renewable and storage assets with AC-side
consumption and grid transactions. Because most weak-grid sys-
tems prohibit simultaneous import and export at the point of
common coupling, the model introduces a binary control vari-

able z8"* € {0,1} to enforce mutually exclusive grid directional-
ity:
P™ <P, -8 vte T, (10)
_ "
PSP <P, - (1 — g ),Vt €. (11)

Here, Py, is the contracted grid exchange limit optimised at the
GA layer. These constraints guarantee compliance with grid-con-
nection agreements and physically valid unidirectional operation
at each time step. A similar logic applies to the battery subsystem,
which cannot charge and discharge simultaneously. A binary
variable zPis used to indicate the operating mode (1 = discharge,
0 = charge), ensuring mutually exclusive control:

PP <Py - (1-z).VieT, (12)
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Pdis <Py - 2P VEE T, (13)

where Py, and Py denote the rated charging and discharging
capacities of the battery system. These constraints preserve phys-
ical realism and prevent simultaneous bidirectional energy flow
within the storage subsystem. To maintain operational coherence
across subsystems, the hydrogen loop is governed by a set of
exclusivity and rating constraints analogous to those applied to
the battery. Because the electrolyser and fuel cell connected to
the same hydrogen tank, their operation must be sequential
rather than simultaneous. A binary variable z, 2 € {0,1} deter-
mines whether hydrogen is being produced (electrolyser mode)
or consumed (fuel-cell mode) at time ¢. The following constraints
enforce this logic:

PI<P, (1—th2),Vt69“, (14)

P <Py -z Vte T, (15)

where P, and Py, represent the rated capacities of the electrolyser
and fuel cell, respectively. This formulation ensures that hydro-
gen is never produced and consumed within the same hour,
aligning the model with practical operating constraints and con-
version-efficiency boundaries. The inverter throughput is con-
strained by its rated capacity, ensuring that the combined DC-
side power converted to AC remains within technical limits:

PV <Py . VEET. (16)

Here, Py, denotes the inverter’s rated power as defined in the
GA optimisation layer. This constraint enforces the system’s
physical conversion ceiling and links dispatch feasibility directly
to design-stage inverter sizing. Since PV generation is physically
located on the DC bus, the model explicitly tracks how total PV
power is allocated between AC export and DC utilisation. The
following equality enforces energy conservation across PV
routing:

pPVAC 4 pPVIDC _ PPV i e g (17)

Here, PPVand PPV"PCrepresent the PV power routed through
the inverter to the AC bus and the fraction retained on the DC
side, respectively. This formulation enables the MILP to flexibly
distribute generation between self-consumption, storage charg-
ing, and export, ensuring dispatch schedules remain physically
consistent with the hybrid AC/DC topology.

Because the PV subsystem operates on the DC side, the model
first partitions total generation between energy routed to the
inverter (AC side) and energy retained within the DC domain.
The DC-side component is subsequently allocated to storage
charging or curtailed if capacity limits are reached. This behav-
iour is enforced through:

PPVDC _ peh | peur g ¢ g7 (18)

This condition ensures that all DC-directed PV output is either
used for charging or curtailed, preserving nodal energy conserva-
tion. To prevent physically infeasible simultaneous charging and
discharging behaviour, a binary flag z{* € {0,1} is introduced to

indicate PV availability on the DC bus. A “big-M” formulation is
applied to activate or deactivate this logic:

PPVPC <M, -2 ey, VEET, (19)

PlVPC > ey 2" VIET. (20)

Here, M, is a horizon-specific upper bound defined as the maxi-
mum available PV power within MPC window w, M, =
max,.5 PPY. This bound is valid because the DC-directed PV
power cannot exceed the available PV generation. Its use avoids
an unnecessarily large constant and improves numerical condi-
tioning. The tolerance &,, was set to 10~>kW. When excess PV
power at the DC side is available (z" =1), the battery is pre-
vented from discharging concurrently, as enforced by:

Plis<(1-2") - Pys.VEET. (21)

This constraint ensures that available solar energy is prioritised
for charging or direct supply before drawing from storage,
thereby improving energy efficiency and reducing unnecessary
cycling. The battery’s state of charge (SoC) is updated at each step
as a function of net charged or discharged energy, scaled by the
number of modules installed and their rated capacity. The SoC
evolution follows:

SoC®)

init’
SoCyy(t) = peh pdis ,
‘ SOChy(t—1) 4 tehir ,
Nbat Bm Mdis Nbat Bm

(22)

where 7, and 74 are the charge and discharge efficiencies, B,, is
the nominal capacity of a single battery module (4.8 kWh), and
Ny is the number of modules defined in the GA design vector.
The initial SoC in each rolling window, SoCi(ﬁ’iz, is inherited from
the previously committed interval to maintain continuity between
horizons. Similarly, the hydrogen storage state, expressed as the
level of hydrogen (LoH) in the tank, evolves according to the

balance between electrolyser input and fuel cell output:

LoH"), t=0
LoH(t) = LoH(t - 1) + naPPt P t>0
M HZHLHV e M HZHLHV ’
(23)

Here, 7, and ;. denote the conversion efficiencies of the elec-
trolyser and fuel cell, My, is the hydrogen tank capacity (kg), and
Hiyy is the lower heating value of hydrogen (kWh/kg). The
initial LoH for each window, LoHi;“ii, is similarly inherited
from the prior window midpoint, preserving consistency across
receding-horizon intervals. To capture demand-side flexibility
within the predictive dispatch framework, a schedulable load is
introduced representing shiftable, non-critical equipment (e.g., a
swimming pool pump). This load has a fixed daily energy
requirement but flexible activation timing within each 24-h hori-
zon, allowing the optimisation to exploit periods of high renew-
able availability or low tariff prices. At each time step ¢, the
flexible load’s instantaneous power consumption is defined as:

8 of 23

International Journal of Energy Research, 2026

85UB01 7 SUOWILLOD SAIERID 3ot (dde ay) Aq peuenob a2 ssjoie O 88N oS3 1o} Akelq 1 8UlIUO A8|1M UO (SUONIPUOD-PUE-SWRIALIOS A8 | AReIq 1 pUIIUO//SANY) SUONIPUOD PUe SWS | 8L 89S *[9202/TT/80] UO AeiqiTauliuo 48|11 ‘8oUs|poXT 8180 PUe U1jEeH o} ainiiisul euoteN ‘301N Ad 650655/#8/GSTT 0T/I0p/wW0d Aa|1m Arelqijeul|uoy//sdny woiy pepeojumod ‘T ‘920z *Bl!



PtL.ﬂex = I_Jﬂex : Z{lex’ Vie T, (24)
where PX 1% is the rated power of the flexible device (kW), and
zZ** € {0,1} is a binary decision variable indicating its opera-
tional status at time t. When z1®* =1, the device operates at full
rated power; otherwise, its consumption is zero. This formulation
enables the MILP to optimally shift flexible load operation in
response to real-time economic or renewable signals. To ensure
that the total energy requirement of the flexible device is met
each day, a constraint enforces that it operates for a fixed number
of hours HyWwithin every 24-h cycle. Let 74 denote the set of
hourly time steps belonging to day d; the daily activation con-
straint is expressed as:

z dex :Hdaily Vd. (25)

flex
keT 4

This equality guarantees that the total active hours of the flexible
load match its required daily operating schedule, regardless of
how those hours are distributed within the day. Since the dis-
patch is optimised over overlapping rolling windows, each day
may partially overlap multiple control horizons. To preserve tem-
poral consistency across these overlapping windows, the model
includes a memory term that tracks hours of flexible load opera-
tion already scheduled in prior segments. Let gbfiw_l) denote the
number of flexible load hours already executed for day d in the
previous window; the following constraint then enforces full-day
compliance:

S g+ = Hyg V. (26)

keT 4

This formulation ensures that, even as the MILP advances
through receding-horizon intervals, the cumulative daily opera-
tion time remains exactly satisfied. The formulation preserves the
daily energy requirement but represents an idealised upper
bound on scheduling flexibility; the resulting scenarios are there-
fore interpreted as sensitivity cases.

2.3 | Case Study: Formentera Energy Community

The case study focuses on a municipal energy community situ-
ated west of Sant Francesc Xavier, the capital of Formentera
Island, Spain. The cluster consists of seven public-sector build-
ings, including educational, administrative, and utility facilities,
each with distinct load profiles and operational schedules. As
shown in Figure 3, the buildings are distributed across two
nearby sites and include functions such as schooling, emergency
services, and public infrastructure. Their proximity and func-
tional diversity make the site a representative testbed for decen-
tralised energy planning, particularly under weak-grid
conditions. The total annual electricity demand across the build-
ings is ~211 MWh, based on 2022 data provided by the Formen-
tera Council, and serves as the baseline for evaluating the
proposed optimisation framework.

2.4 | Grid Tariff Structure and Data Input

To evaluate cost-effectiveness under realistic regulatory and price
signals, the energy system model incorporates Formentera’s

actual ToU electricity tariff. Figure 4a shows the community’s
electricity demand profile, highlighting the higher demand
observed during summer. The total annual electricity consump-
tion across all buildings is 211,665 kWh, with a daily average of
555.90 kWh, mean power demand of 23.16kW, and a peak
demand of 67.91 kW. The ToU tariff, shown in Figure 4b, is based
on Endesa’s six-period structure and governs both energy con-
sumption and contracted grid capacity [29]. This data was vali-
dated through the VPP4Islands pilot project and reflects
commercial billing conditions for municipal facilities [30]. The
tariff feeds into a multi-component cost model comprising four
billing terms:

CoP =37, Pye + Ry * Dontr (27)
Clmp — t§7 Pimp . ﬂ'impAt, (28)
cren=3F 102 (8, -1.05 - pp), (29)
R = tezg PP x A, (30)

(o)

() = G + G5 4 C3" — Ry + Y, At (AUnPyn 4 jeurpaur),

tey

(31)

In these equations, l_—”gr and R, represent the contracted grid
capacity (kW) and its corresponding price (€/kW) for each ToU
period p, while Doy is the monthly billing duration. P™Pand
P™denote the power imported from and exported to the grid at
time ¢, and 7™, z*Pare their respective tariffs. The penalty term
incorporates measured peak load 9;, benchmarked against 105%
of contracted power to reflect standard overage thresholds. The
final term penalises load shedding (P}™) and renewable curtail-
ment (P{"), enforcing operational realism. Together, these cost
terms form the operational cost component O,(x) passed to the
upper-level GA for lifecycle economic evaluation.

To support accurate simulation of renewable production, solar
irradiance and ambient temperature data for 2022 were retrieved
from NASA’s publicly available meteorological database, as illus-
trated by the solar irradiance in Figure 4c and ambient tempera-
ture in Figure 4d [31]. The 2022 solar resource was close to recent
conditions. The modelled annual irradiation was 2153 kWhm™2,
within 1% of the corresponding PVGIS value, while PVGIS and
NASA POWER place 2022 within ~1.4%-1.8% of their recent
multi-year means [31, 32]. Demand was less stationary: Formen-
tera electricity consumption declined by ~10% between 2022 and
2024 [33, 34], while tourist arrivals varied from about —7% to
+12% around the 2022 level [35]. These variations informed
the sensitivity ranges examined below. Furthermore, the eco-
nomic parameters including capital and operating costs, compo-
nent lifetimes, and efficiencies, were derived from manufacturer
datasheets, peer-reviewed literature, and VPP4Islands procure-
ment data, as summarised in Table 3 [30]. They form the basis
for lifecycle cost calculations and NPC assessment within the GA
optimisation layer.
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FIGURE 3 | Layout of the municipal energy community west of Sant Francesc Xavier, Formentera Island. The site includes seven buildings with
diverse functions and annual demands: Culture Centre (44,995 kWh), Primary School (47,189 kWh), Radio and Youth Centre (19,616 kWh), Preschool
(26,596 kWh), Vehicle Inspection Station (11,486 kWh), Fire Station (23,584 kWh), and Slaughterhouse (38,199 kWh).

In addition to technical parameters, the economic assessment
incorporated key financial assumptions: an 8% nominal discount
rate, 2% inflation, and an electricity price escalation rate of 3% to
reflect long-term market evolution. The electricity price, inclu-
sive of tax, was taken as 5.11%, while the standard value-added
tax (VAT) applied was 21%, consistent with Spanish regulatory
conditions.

2.5 | Flexible Load Setup

Flexible demand is represented by an idealised pool-pump sched-
uling case. The base device is rated at 3kW and must operate for
8h each day, corresponding to a fixed daily energy requirement
of 24 kWh. Its hourly operation is binary and may be scheduled
anywhere within the day. Minimum run-time, continuity, pre-
ferred operating periods and user-comfort constraints are not
represented. The 4%, 6% and 8% cases should therefore be inter-
preted as sensitivity cases, with the higher ratings representing

aggregated or expanded shiftable equipment rather than verified
demand-response programmes. Table 4 summarises the techni-
cal inputs for this flexible load, while Table 5 presents the sce-
narios tested to assess the effects of increased flexible load power
on system efficiency and NPC. Higher-load cases (4.35 kW and
5.8kW) emulate future expansion of load-sensitive equipment
like additional pumps.

The 08:00 entry defines only the reference, unshifted operating
profile. Under the MPC scenarios, the activation time is opti-
mised freely within each day, subject to completion of the
required 8 h daily operation.

2.6 | Uncertainty and Case-Year Sensitivity
Analyses

To examine the effect of imperfect forecasts, the deterministic
dispatch analysis was extended through 100 full-year Monte
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FIGURE4 | Datainputs for the Formentera case study: (a) community electricity demand; (b) electricity prices; (c) solar irradiance; and (d) ambient
temperature.
TABLE 3 | Techno-economic inputs for key system components, including cost, efficiency, and lifetime assumptions.
Component Cost o&M Efficiency Lifetime
PV panel €1600/kW €10/kW-year 20% 25years
Battery €230/kWh €10/kWh-year 95% 8000 cycles
Inverter €300/kW €10/kW-year 96% 20years
Fuel cell €1200/kW €0.02/kWh 43% 15,000 h
Electrolyser €1200/kW €0.05/kWh 63% 35,000 h
H, tank €500/kg €10/kg-year — 15years

Carlo simulations. Each simulation, indexed by s, represents an
independently generated annual forecast-error trajectory. For
each hour ¢ within rolling window 7, the fixed-demand and
irradiance forecasts were calculated as:

/Pf,fix,(s) _ PtL,ﬁx (1 + ef.(s))’ égs) _ Gl(l + e?'(s)),
teJ,, s=1,...,100.

(32)

Here, PtL’ﬁX and G; are the realised fixed demand and solar irra-

diance already defined in the dispatch model, while P~ ™) and

@ﬁs) are their forecast values in simulation s. The terms ef‘ ®and

stG‘ © denote the corresponding relative forecast errors. Forecast
PV output was then calculated from éﬁ” using Equation (3).
Demand and irradiance errors were sampled independently
from zero-mean normal distributions limited to +15%:

€l ~ 4 (0.0,51-015.015)  ve (LGL (33)

Here, w denotes the MPC window and s identifies the Monte
Carlo simulation. The superscript v identifies demand (L) or
irradiance (G). Errors were sampled independently from a
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TABLE 4 | Flexible load specifications—swimming pool pump.

Parameter Value Units Description
Rated power 3 kW  Constant power draw during
operation

Daily 8 h Must operate 8 h per day

requirement

Pump type Pool — Non-critical, shiftable
residential/commercial load

Operational Full — Schedule adjustable within

flexibility 24h window

TABLE 5 | Scenarios for flexible load deployment.

Flexible Pump Non-flex Flexible Daily  Base
scenario  power load energy runtime start
(%) (kW)  (kWh)  (kWh) (h)  time
0 0 211,665 0 0 08:00
4 3 202,905 8760 8 08:00
6 4.35 198,963 12,702 8 08:00
8 5.8 194,729 16,936 8 08:00

zero-mean normal distribution and truncated to +£15%. Each
24-h MPC window was solved using the generated forecasts, and
only the first 12h were committed. No re-optimisation was per-
formed after the realised demand and irradiance became known.
The resulting power imbalance was expressed as:

T HPV,
APS) = (Lw.k - LS.)k) = Tliny (Pm - Pw.k(S)>’ (34)
where APS?k is the realised imbalance and 7;,, is the inverter

conversion efficiency. PLY, and ﬁZY,;(S) denote realised and fore-
cast PV output. A positive AP indicates a supply deficit, whereas a
negative value indicates surplus generation. These imbalances
were compensated sequentially by the battery, hydrogen subsys-
tem and grid, subject to the operating constraints defined in
Equations (8)—(23). Component capacities and contracted power
were held fixed throughout the analysis.

A separate fixed-design sensitivity analysis examined depen-
dence on the 2022 case-study conditions. After deterministic
sizing, the lowest-NPC configuration was held fixed and re-
dispatched over the full 8760-h period under +£10% variations
in solar irradiance and total demand. Import-energy and con-
tracted-power tariff terms were varied by —30% and +10%, and
a combined adverse case applied 10% lower irradiance with
10% higher demand. The controller, component capacities and
+37kW contracted limit remained unchanged.

3 | Results
3.1 | Capacity Sizing and Economic Outcomes

This section analyses how temporal foresight and demand flexi-
bility influence system sizing, utilisation, and grid interaction

within a grid-constrained PV-battery—hydrogen community.
Two comparative dimensions are examined: the decision hori-
zon, contrasting a reactive GA-Load Following control with roll-
ing-horizon GA-MPC, and the extent of load flexibility within
the predictive framework (0-8%). Since each control strategy is
embedded within its respective sizing process, the comparisons
represent integrated planning outcomes; the reported differences
therefore reflect the combined effects of component sizing and
dispatch control rather than the isolated effect of MPC.

Table 6 summarises the principal sizing and economic outcomes
for the GA-Load Following and GA-MPC configurations. The
contrast in design outcomes between the two approaches illus-
trates how the dispatch formulation influences the resulting inte-
grated design in weak-grid planning. Under GA-Load Following,
decisions rely solely on instantaneous availability, resulting in a
compact configuration: a 124 kWp PV array, 58 battery strings, a
120-kW inverter, and a contracted grid limit of 78 kW. While this
minimises initial cost, it restricts internal coordination and yields
a modest 227 MWhyr™" of PV generation, with 107 MWhyr™
produced outside periods of local demand. Only 56% of the
load is met directly by PV, and the remaining excess is exported
or converted inefficiently through under-utilised hydrogen com-
ponents (electrolyser and fuel-cell capacity factors of 10% and
2%). Battery throughput remains limited at 68 MWh yr*, reflect-
ing shallow cycling and reduced participation in balancing mid-
day peaks. Under this integrated Load-Following design,
temporal mismatch results in greater grid use for deficit and
surplus management.

The corresponding annual energy balance is reported in Table 7,
providing a consistent comparison of generation, direct use, stor-
age conversion and grid exchange across the load-following and
predictive-control cases.

Relative to Load Following, the MPC cases increase annual PV
generation from 226.94 MWh to 274.52-283.67 MWh and reduce
grid imports from 30.95 MWh to 19.83-20.74 MWh. Annual bat-
tery charging increases from 66.50 MWh to 83.74-85.07 MWh.
Hydrogen conversion remains secondary, with electrolyser input
of 10.37-16.01 MWh and fuel-cell output of 2.85-4.37 MWh
across the MPC cases. Unmet demand remains zero and renew-
able curtailment is negligible in every scenario. With 24-h fore-
sight, the optimiser expands PV capacity to 155kWp and the
battery to 76 strings while reducing the inverter rating to
77kW and the contracted grid power to 41 kW. The result is a
25% increase in solar generation (~284 MWhyr™") accompanied
by a one-third reduction in grid imports. Rather than simple
oversizing, these changes arise from structural coupling between
daily scheduling and asset sizing: batteries absorb mid-day sur-
pluses that previously spilled to the grid, raising throughput to
84 MWh yr™" and stabilising depth-of-discharge profiles. Hydro-
gen conversion also operates proactively instead of reactively,
tripling electrolyser utilisation to 30%. The system therefore
extracts more value from the same solar resource, lowering exter-
nal dependence while maintaining grid-compliant power flows, a
central advantage for communities operating under constrained
feeder capacity.

The flexible-load sensitivity cases indicate how increasing the
assumed share of shiftable demand affects sizing and operation.
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TABLE 6 | System sizing and cost metrics for GA-Load following and the proposed GA-MPC configurations.

Component Units GA-MPC 0% GA-MPC 4% GA-MPC 6% GA-MPC 8% GA- Load Following
Solar PV kWp 155 152 154 150 124
Battery Strings 76 74 76 80 58
Inverter kw 77 75 75 72 120
Contracted power kW 41 40 39 37 78
Fuel cell kw 5 5 5 5 5
Electrolyser kW 6 5 5 5 5
Tank kg 7 7 8 9 5
NPC € 612,945 606,879 604,305 599,134 665,236
LCOE €/kWh 0.224 0.221 0.221 0.218 0.243

Note: Bold values highlight NPC, the objective function minimised in the optimisation, and LCOE, the corresponding economic performance metric used

for comparison.

TABLE 7 | Annual energy balance for the GA-Load Following and GA-MPC scenarios.

Component Units GA-MPC 0% GA-MPC 4% GA-MPC 6% GA-MPC 8% GA-Load Following
Annual demand MWh yr_1 211.67 211.67 211.67 211.67 211.67
PV generation MWh yr_1 283.67 278.18 281.60 274.52 226.94
Direct PV self-consumption =~ MWhyr™! 123.80 122.56 12291 122.62 119.04
Renewable self-consumption % 43.64 44.05 43.64 44.67 52.45
Battery charge MWhyr™! 83.74 84.30 84.84 85.07 66.50
Battery discharge MWhyr™! 75.70 76.20 76.69 76.91 65.25
Electrolyser input MWhyr™ 16.01 10.51 11.19 10.37 4.22
Fuel-cell output MWhyr™ 4.37 2.87 3.07 2.85 0.99
Grid import MWhyr™! 20.06 20.58 19.83 20.74 30.95
Grid export MWhyr™! 59.00 58.28 60.24 55.10 30.22

Allowing just 4-8% of demand to shift within daily windows
slightly reduces PV capacity (155 to 150 kWp) but raises battery
size (76 to 80 strings) and further smooths energy flows. Flexible
consumption alters the timing of demand, storage operation and
grid exchange while maintaining negligible curtailment. Conse-
quently, electrolyser and fuel-cell activity fall to 24% and 6% uti-
lisation, signalling that internal storage and flexible loads now
handle most short-term balancing. At the grid interface, con-
tracted power tightens from 41 to 37kW, nearly half the Load-
Following requirement, while annual grid imports remain
~9%-10% of demand. These outcomes demonstrate that limited
behavioural adaptation delivers disproportionate technical benefit,
mitigating peak exchanges without extensive physical oversizing.

The economic implications mirror these physical adjustments.
The NPC decreases from €612,945 at 0% flexibility to €599,134
at 8% flexibility, while the levelised electricity cost (LCOE) drops
from €0.224 to €0.218 kWh™*, representing a cumulative 2.25%
NPC cost reduction. A modest 8% flexibility, compared to load-
following, amplifies the effect reducing NPC by 9% and LCOE
cost from 0.243 to 0.218 €/kWh. These improvements arise not
from increased generation but from superior temporal coordina-
tion of storage and flexible demand, which suppresses both over-
sizing and idle losses. In summary, the GA-MPC rolling-horizon

design demonstrates that limited load flexibility and inverter/grid
co-optimisation can substantially improve cost-effectiveness and
resilience in weak-grid community energy systems, even without
major expansions of renewable capacity. The following section
examines how these capacity decisions translate into real-time
operational behaviour across representative winter and summer
periods.

3.2 | Operational Dynamics: Winter and Summer
Days

Seasonal operation patterns illustrate how predictive control and
modest flexibility reshape internal energy flows in the PV-bat-
tery—hydrogen community under weak-grid conditions. Winter
operation over 13-15 January 2022 is shown for GA-Load Fol-
lowing in Figure 5a and GA-MPC 8% in Figure 5b. In the
GA-Load Following strategy, fixed consumption and the absence
of foresight produce early-morning grid imports exceeding
100kWhd™" (00:00-07:00) and abrupt midday exports during
11:00-15:00, with shallow battery cycling that limits energy
autonomy. By contrast, the GA-MPC (8%) controller anticipates
the limited PV generation of the second day (520kWhd™) and
pre-emptively shifts part of the flexible load to early hours, reduc-
ing grid import to 40-50kWhd™" and avoiding the high-tariff
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period. On the third day, the MPC schedule achieves smoother
export behaviour, with higher battery charging peaks (80-90
kWhd™") and active electrolyser operation absorbing surplus
energy rather than spilling it to the grid. The controller also
delays early load starts on Day 1, waiting for stored energy to
accumulate later in the evening (16:00-23:00). This anticipatory
coordination explains the higher annual battery throughput

(84 vs. 68 MWhyr™' in Load Following) and more consistent
hydrogen utilisation, demonstrating how temporal foresight con-
verts short-horizon optimisation into reduced grid stress and
enhanced autonomy.

Figure 6a,b compare summer operation over 18-20 August 2022
under GA-Load Following and GA-MPC 8%, respectively. Daily
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FIGURE 6 | Summer operational dynamics for GA-Load Following (a) and the Novel GA-MPC 8% (b). The positive values for hydrogen represent
the fuel cell output in kW, and the negative values indicate electrolyser consumption. For the battery, positive values indicate discharge, and negative

values indicate charging. Grid interactions show positive values for electricity purchases and negative values for sales.
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PV generation exceeds 570 kWh, with midday peaks (11:00-15:00)
reaching 180kW. Under GA-MPC 8% operation (Figure 6b), the
controller maintains battery headroom through early-morning dis-
charge and evening load scheduling, enabling 190-210kWhd ™" of
midday charging and stabilised exports of 150-180 kWh d™". Load
Following, by contrast, saturates the inverter and triggers sharp
export spikes when generation exceeds local demand. The predic-
tive controller’s ability to absorb excess PV internally supports the
higher installed PV capacity (150 kWp) and expanded storage sys-
tem identified in Table 6. Consistent with this higher PV capacity,
annual PV excess energy increases relative to Load Following
(~152 vs. 108 MWh), while export also rises (about 55 vs. 30
MWh) and grid imports fall, indicating that the GA-MPC strategy
captures additional value by shifting and monetising surplus
rather than only increasing self-consumption.

Across the winter and summer periods, predictive coordination
allows the community to internalise variability: during winter, fore-
sight-driven scheduling prevents grid-dependent deficits; during
summer, coordinated storage prevents PV overflows. These operat-
ing patterns provide the mechanistic basis for the lower contracted
power and reduced NPC reported earlier, demonstrating how pre-
dictive dispatch and bounded flexibility translate fixed design capac-
ities into measurable changes in operating cost and grid exchange.
The subsequent sections examine the role of flexible demand,
inverter utilisation, and grid exchange dynamics in more detail.

3.3 | Flexible Load Behaviour Under Price-
Responsive Control

Building on the winter and summer dynamics discussed earlier,
Figure 7a shows operation on 5 January, Figure 7b on 12 January,
Figure 7c on 20 July and Figure 7d on July 21, 2022. The figure
examines how the GA-MPC (8%) controller deploys flexibility to
align electricity demand with price and renewable availability.
Four representative days illustrate the contrast between winter
scarcity and summer surplus conditions.

During the winter days (subplots a-b), when PV generation is
limited and tariffs fluctuate between €0.35-€0.40kWh™', the
MPC controller consistently shifts the 8% flexible portion of the
load into early morning hours (00:00-07:00). This behaviour
reduces daytime grid purchases precisely when PV output is
insufficient and electricity prices peak. On 12 January, for
instance, 35-40kWh of pump demand is rescheduled from
09:00-11:00 to before dawn, lowering grid imports by nearly
30% compared with a non-flexible schedule. The same fore-
sight-driven pattern observed in Figure 5 reappears here at a finer
temporal scale, anticipatory load shifting substitutes expensive
midday imports with low-tariff energy, preserving the contracted
power limit without compromising demand satisfaction.

In contrast, summer days (subplots c—d) show a more selective
and opportunity-driven behaviour. With midday PV generation
exceeding 550-580 kWhd ™, the controller reduces unnecessary
early-morning operation and concentrates the flexible load in the
08:00-10:00 window, bridging the brief period before full solar
availability. On 21 July, roughly 20kWh of demand is shifted
forward to coincide with the rising PV output, ensuring that
grid imports during €0.47kWh™" peak hours remain negligible.

This fine balancing improves internal solar utilisation and limits
export volatility, supporting the smoother grid profiles identified
similarly in Figure 6.

Across both representative periods, the MPC’s load adaptation
reflects not random demand reallocation but a cost- and fore-
sight-driven optimisation that dynamically harmonises con-
sumer behaviour, PV variability, and weak-grid constraints,
transforming flexibility from a passive option into a structural
enabler of autonomy and economic stability.

3.4 | Inverter Utilisation and Storage Coordination

The long-term impact of integrated control becomes clearer when
viewed over the full annual cycle. Annual PV conversion and stor-
age behaviour is presented for GA-Load Following in Figure 8a,
GA-MPC 0% in Figure 8b and GA-MPC 8% in Figure 8c, linking
operational dynamics directly to the sizing and cost outcomes in
Table 6. In the Load-Following case, the 120kW inverter is fre-
quently driven to its upper limit, visibly clipping peak solar produc-
tion throughout high-irradiance months. Average battery SoC
stabilises near 46%, leaving insufficient headroom to absorb sur-
pluses, while hydrogen storage remains largely idle with a mean
level of only 23%. This combination explains the pronounced export
excursions and the higher PV excess observed previously: PV is
available during peak hours, but the system has limited capability
to buffer or route that surplus beyond immediate demand.

Introducing predictive scheduling with MPC 0% modifies this
behaviour. Despite a 36% smaller inverter (77 kW), the controller
maintains supply adequacy by shaping state-of-charge trajecto-
ries in anticipation of midday PV availability. The battery is
deliberately operated at a lower average SoC (~33%) to preserve
charging headroom, while hydrogen storage rises to around 55%,
providing a slower balancing buffer. These coordinated actions
stabilise inverter loading and mitigate saturation-driven export
excursions by allocating a greater share of PV surplus to internal
storage pathways under tighter PCC operation.

When 8% flexibility is added, the MPC controller further refines
this balance. The inverter rating drops again to 72kW, yet both
battery (33%) and hydrogen (51%) levels remain well regulated.
Minor load shifts relieve residual PV peaks, smoothing inverter
utilisation and allocating a larger fraction of midday surplus to
storage and flexible demand, thereby moderating export excursions

Overall, these dynamics demonstrate that predictive control and
modest flexibility enable the community to downsize power-con-
version hardware while maintaining output continuity. The divi-
sion of roles, with the battery providing most diurnal balancing and
hydrogen offering secondary, lower-frequency support, emerges
from the control logic and contributes to internal power balancing
and compliance with the contracted grid-exchange limits.

3.5 | Grid Interaction and Contracted Power
Optimisation

The transition from inverter-driven to storage-dominated coordi-
nation fundamentally reshapes the relationship between the
hybrid community and the grid. Figure 9 plots the PV generation
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against grid exchange for the Load-Following and MPC 8% sce-
narios, directly revealing how predictive control transforms
boundary behaviour.

In the Load-Following configuration (Figure 9a), operation within
a +£78 kW contracted envelope produces frequent bidirectional
flows. Imports persist in early-morning and low-PV conditions,
while exports dominate at midday when the inverter saturates.
Although grid purchases are avoided for 77% of the year, zero-
import operation occurs during only 66% of hours. The distribu-
tion of points around the +78 kW bounds shows a reactive energy
pattern: surpluses and deficits are transferred almost immediately

to the grid, with limited capacity for internal smoothing. This
behaviour reflects the short-horizon logic of Load Following,
where the grid acts as a buffer rather than a boundary.

Under GA-MPC 8% (Figure 9b), the interaction envelope nar-
rows dramatically to +£37kW, while the incidence of grid
exchange is reduced. Grid imports fall to 14% of annual hours,
and zero exchange is maintained for nearly 59% of the year. The
scatter distribution flattens, with fewer excursions towards the
contractual limits, indicating steadier and more internally bal-
anced operation. This improvement arises not from overcapacity
but from coordinated dispatch: flexible loads absorb short
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surpluses, while the battery and hydrogen system provide layered
discharge during deficits.

These results reinforce the mechanisms discussed. Predictive
control, paired with deliberate grid and inverter co-optimisation,
converts temporal foresight into structural efficiency: the com-
munity uses the grid as a contingency rather than a dependency.
In weak-connection contexts, this capacity to achieve higher
autonomy under tighter contractual bounds clarifies how

distributed energy systems can be economically integrated while
reducing peak exchanges and reliance on contracted capacity at
the grid connection point.

3.6 | Storage Coordination and Internal Energy
Balancing

The operational decisions underpinning the smoother grid behav-
iour in Figure 9 are illustrated in Figure 10, which tracks daily
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profiles and monthly trends of battery SoC and hydrogen LoH
under Load-Following and MPC 8% operation. As each configura-
tion uses its independently optimised component capacities, the
differences reflect the combined effects of system sizing and
control.

In the Load-Following configuration (Figure 10a), storage
resources exhibit limited complementarity. The battery fluctu-
ates sharply around its mid-capacity, with an annual mean SoC
of 46.4%, while the hydrogen system remains largely dormant,
averaging only 23% LoH. Although hydrogen inventory increases
during the middle of the year, it is frequently depleted, and the
battery remains the principal balancing resource. This behaviour
is consistent with the inverter saturation and greater grid reliance
discussed earlier.

Under MPC 8% (Figure 10b), the battery is maintained at a lower
annual mean SoC of 33.5%, preserving headroom for charging,
while mean hydrogen LoH increases to 51.1%. The hydrogen
profile exhibits lower-frequency inventory variation, with accu-
mulation during periods of higher PV availability followed by
withdrawal later in the year. However, the 9kg tank stores
only ~300kWh of hydrogen, equivalent to about 129 kWh of
recoverable electricity at the assumed fuel-cell efficiency. The
LoH profile therefore supports hydrogen’s role as a complemen-
tary, lower-frequency balancing pathway.

The resulting coordination, with the battery providing diurnal
smoothing and hydrogen complementing it over longer balancing
intervals, supports stable inverter loading and operation within the
contracted power limits. Embedding these complementary roles
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within predictive control strengthens the system’s operational flex-
ibility under weak-grid constraints.

3.7 | Robustness and Sensitivity Analysis

Having identified GA-MPC 8% as the preferred deterministic
configuration, its robustness was evaluated using the forecast-
error procedure described in Section 2.6. Table 8 reports the
deterministic result together with the 5th percentile, median
and 95th percentile obtained from the 100 annual simulations.

Forecast uncertainty had a limited effect on system performance.
Median NPC increased by 1.57%, while the P5-P95 range corre-
sponded to increases of 1.30%-1.85% relative to the deterministic
result. Median annual grid import and export changed by —0.24%
and —0.78%, respectively. Unmet demand remained zero, and
grid exchange remained within the +37kW contracted limit in
every simulation. The principal economic and grid-capacity ben-
efits of GA-MPC 8% therefore persisted under the forecast errors
examined.

A separate fixed-design analysis examined sensitivity to the case-
year assumptions. The GA-MPC 8% configuration was re-
dispatched under the resource, demand and tariff variations
defined in Section 2.6. Table 9 reports changes relative to the
corresponding 2022 re-dispatch baseline.

The fixed configuration remained operationally feasible through-
out the tested range. A 10% reduction in irradiance increased
NPC and LCOE by 7.89%, whereas a 10% increase reduced
both metrics by 4.17%. Demand variation had a greater effect
on NPC than on LCOE because the latter is normalised by annual
electricity demand. The tariff-only cases mainly affected the eco-
nomic indicators: reducing tariff levels by 30% lowered NPC and
LCOE by 8.17%, whereas increasing tariffs by 10% raised both by
2.54%; annual grid import and export changed only marginally
because the component capacities, dispatch logic and +37kW
contracted-power limit were kept fixed. In the combined adverse
case, with 10% lower irradiance and 10% higher demand, NPC
and LCOE increased by 20.12% and 9.20%, respectively. Never-
theless, unmet demand remained zero and the +37kW con-
tracted limit was maintained. The selected configuration
therefore remained feasible beyond the exact 2022 inputs exam-
ined, although the findings remain site-specific and economic
performance depends on local resource, demand and tariff
conditions.

The results are consistent with earlier evidence that incorporat-
ing look-ahead dispatch within sizing can reduce lifecycle cost.
Mohseni and Brent [15] reported savings of up to 8% when
extending battery scheduling to 72h, while the present frame-
work reduces NPC by ~9% relative to GA-Load Following.
Unlike the earlier formulations reviewed, the present analysis

TABLE 8 | Forecast-error sensitivity of the GA-MPC 8% configuration.

Median change
Component Units Deterministic result MC P5 MC median MC P95 (%)
NPC € 599,134 606,920 608,540 610,230 1.57
Grid import MWh 20.74 20.58 20.69 20.81 —0.24
Grid export MWh 55.10 54.45 54.67 54.86 -0.78
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TABLE 9 | Sensitivity of the fixed GA-MPC 8% configuration to case-year assumptions.

Scenario NPC change (%) LCOE change (%) Grid import (MWh) Grid export (MWh)
2022 Reference 0 0 20.74 55.1
Solar —10% 7.89 7.89 26.58 35.67
Solar +10% —-4.17 —4.17 17.57 75.09
Demand -10% —7.86 2.37 15.11 70.65
Demand +10% 10.12 0.11 28.32 41.07
Tariff —30% -8.17 -8.17 20.72 55.07
Tariff +10% 2.54 2.54 20.69 55.03
Combined adverse 20.12 9.2 37.27 25.44

also co-optimises inverter rating and contracted grid capacity,
reducing the latter from +78 to +37 kW. Direct numerical com-
parison remains conditional on differences in system scale, tariffs
and resource profiles.

4 | Conclusion

The results reframe what “optimal sizing” means for weak-grid
energy communities. When import and export capacity at the
grid connection point is treated as a binding design constraint,
the central problem shifts from maximising annual renewable
energy use to shaping short-horizon power trajectories so that
autonomy is achieved within an enforceable exchange envelope.
The novelty of the proposed GA-MILP-MPC architecture is
therefore not the use of optimisation per se, but the way it cou-
ples long-horizon investment decisions to a dispatch model that
explicitly internalises tariff signals, inverter throughput limits,
and contracted power as co-determined quantities. In doing so,
it closes a common modelling gap where the grid is implicitly
treated as a limitless sink and source, and where feasibility at the
boundary is checked after sizing rather than used to define value
during sizing.

Across the case study, predictive dispatch converts temporal fore-
sight into structural efficiency at the interface. Compared with
GA-Load Following, the selected GA-MPC 8% configuration
reduces contracted grid capacity from +78 to +37kW and
inverter rating from 120 to 72kW. NPC decreases from
€665,236 to €599,134 and LCOE from 0.243 to 0.218 €/kWh.
Annual grid imports fall from 30.95 to 20.74 MWh and unmet
demand remains zero. The same installed energy resources
deliver different system value depending on whether they are
operated to preserve headroom, avoid conversion bottlenecks,
and pre-empt expensive or capacity-limited exchanges. This is
why the solutions that tighten the contracted envelope do not
simply compensate by leaning harder on the grid; instead they
reorganise internal roles so that the battery is positioned for
diurnal smoothing while hydrogen provides complementary sup-
port over longer balancing intervals, with modest load shifting
acting as a final degree of freedom that trims residual peaks
rather than driving the outcome on its own. The consistent pat-
tern is that boundary compliance becomes an operational objec-
tive that shapes investment, rather than an operational
inconvenience managed by curtailment or exports.

For planning, this implies that the economic case for hybrid
battery-hydrogen systems on constrained feeders is anchored
in their ability to substitute internal flexibility for contracted
capacity and oversized power conversion, while keeping tariff
exposure and exchange volatility low. The forecast-error analysis
confirmed that the principal benefits persisted under demand
and irradiance errors bounded at £15%. Across 100 full-year
simulations, unmet demand remained zero, the £37kW con-
tracted limit was maintained, and median NPC increased by
only 1.57% relative to the deterministic case. Fixed-design sensi-
tivity tests similarly maintained zero unmet demand and compli-
ance with the =37 kW limit across the examined solar, demand
and tariff variations, including the combined 10% irradiance
reduction and 10% demand increase. Future work should extend
the analysis to multi-year and multi-site datasets, correlated fore-
cast errors, alternative export remuneration and component
ageing.

Nomenclature

AC: Alternating current

AD: Detailed AC/DC bus representation
BESS: Battery energy storage system

BT: Battery storage

CG: Contracted-grid capacity optimisation
DC: Direct current

DG: Diesel generator

DO: Dispatch optimisation

EL: Electrolyser

EMPC: Economic model predictive control
FC: Fuel cell

GA: Genetic algorithm

INV: Inverter

LCOE: Levelised cost of electricity

LHV: Lower heating value

LoH: Level of hydrogen

LS: Load shifting

MC: Monte Carlo
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MILP:
MPC:
NPC:
O&M:
P5, P95:
PCC:
PS:
PV:
RH:
SoC:
STC:
TK:
TN:
ToU:
VPP:

Symbols

=S X o8& g8 0@

¢]

! [ s T
A L

Mixed-integer linear programming
Model predictive control

Net present cost

Operation and maintenance
Fifth and ninety-fifth percentiles
Point of common coupling

Peak shaving

Photovoltaic

Rolling horizon

State of charge

Standard test conditions
Hydrogen storage tank
Truncated normal distribution
Time-of-use

Virtual power plant

Hourly dispatch time index

Rolling-horizon MPC window index

Day index

System-component index

Project-year index

ToU tariff-period index

Monte Carlo simulation index

Forecast-error source identifier, with x in {L,G}
Project lifetime (year)

Number of ToU tariff periods

Feasible design space

Set of system components

Complete set of dispatch time steps

Set of hourly time steps in MPC window w
Set of hourly time steps belonging to day d
Dispatch time-step duration (h)

GA design vector

Installed PV capacity (kWp)

Number of installed battery modules (module)
Rated inverter power (kW)

Contracted grid import/export power limit (kW)
Rated fuel-cell power (kW)

Rated electrolyser power (kW)

Hydrogen-tank capacity (kg)

Net present cost of design x (EUR)

Capital cost of component k in year y (EUR)
Replacement cost of component k in year y (EUR)
Salvage value of component k in year y (EUR)
Operating cost in year y (EUR yr™ ')

Real discount rate

ex/un:

ex/un:

ep:

ﬂ_imp:
exp.
Aun:

ACUF:

cear:
cime:
cpen:
RO

D month*

Tpe

PPV:
Nder*
Gy

Gsroy:

T;:

T(srey:
prVAC,

PV.DC,
pPV:PC,
P%nv .
Niny*
P
PtEXP .
PL. fix,

r .
PL. flex.,

f :
Ptun .
Plcur.

P;iis.
Pch:
Pdis:

zPal:

SOCbat(t):
SoCipir(w):
Mch*

Mdis*

Annual energy-imbalance penalty added to the GA
objective (EUR)

Penalty applied when annual excess or unmet energy
exceeds its tolerance (EUR)

Cumulative annual excess or unmet energy (kWh yr™")
Annual energy-imbalance tolerance (kWh yr™")
Grid-import energy tariff at time t (EUR kWh™")
Grid-export remuneration at time t (EUR kWh™")
Unmet-load penalty coefficient (EUR kWh™")

Renewable-curtailment penalty coefficient (EUR
kWh™)

Contracted-capacity charge (EUR)
Grid-import energy cost (EUR)
Contracted-power exceedance penalty (EUR)
Grid-export revenue (EUR)

Contracted-capacity tariff in ToU period p (EUR kW™
period™")

Billing duration represented in the capacity charge
(month)

Power-exceedance penalty rate in ToU period p
(EUR kW™

Measured maximum grid power in ToU period p (kW)
Available PV power at time ¢ (kW)

PV derating factor

Incident solar irradiance at time ¢t (kW .m™?)
Solar irradiance under STC (kW m™?2)

PV temperature coefficient (degree C ")
PV-cell temperature at time ¢ (degree C)
PV-cell temperature under STC (degree C)
PV power routed towards the AC bus (kW)
PV power retained on the DC bus (kW)
DC-to-AC inverter throughput (kW)
Inverter conversion efficiency

Grid-import power (kW)

Grid-export power (kW)

Fixed electrical demand (kW)

Flexible electrical demand (kW)

Unmet electrical demand (kW)

Curtailed renewable power (kW)

Battery charging power (kW)

Battery discharging power (kW)

Rated battery charging power (kW)

Rated battery discharging power (kW)

Battery operating-mode variable: 1 for discharge and 0
for charge (binary)

Battery state of charge (p.u.)

Battery SoC at the start of MPC window w (p.u.)
Battery charging efficiency

Battery discharging efficiency
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B,: Nominal capacity of one battery module (kWh
module™)

PEL: Electrolyser electrical input power (kW)

PFC: Fuel-cell electrical output power (kW)

z}izz Hydrogen operating-mode variable: 1 for fuel-cell

mode and 0 for electrolyser mode (binary)

LoH(t): Hydrogen inventory as a fraction of tank capacity
(p-u.)

LoHj,; (w): Hydrogen inventory at the start of MPC window w (p.
u.)

Nel: Electrolyser conversion efficiency

Nge: Fuel-cell conversion efficiency

Hiyy: Lower heating value of hydrogen (kWh kg™")

zfrid: Grid-direction variable: 1 for import and 0 for export
(binary)

" PV-availability flag for DC-side charging logic (binary)

M,: Big-M constant used in the PV/battery logic (kW)

et Small positive numerical tolerance (kW)

Pliex: Rated power of the flexible device (kW)

Zflex: Flexible-device operating status (binary)

Hg:)i(ly: Required daily operating duration of the flexible device
(h day™)

y/((;”_l): Flexible-load operating hours already committed for
day d before window w (h)

phx (), Fixed-demand forecast at time ¢ in simulation s (kW)

Gis): Irradiance forecast at time ¢ in simulation s (kW m™2)

sfx‘ ), Relative forecast error for quantity x at time ¢ in simu-
lation s

o Standard deviation assigned to the relative forecast
error at time ¢

(0,0%; —0.15, Zero-mean normal distribution truncated to the inter-

0.15): val [-0.15, 0.15]

va‘ ), PV-power forecast at time ¢ in simulation s (kW)

APES): Realised power imbalance in simulation s; positive for
deficit and negative for surplus (kW).
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